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Abstract
Siboglinid tubeworms are an emerging model system for symbiosis in
extreme conditions. At deep-sea hydrothermal vents in the Pacific Ocean, they
harbor a chemoautotrophic symbiont in a specialized organ, the trophosome,
where the bacteria carry out primary production via oxidation of reduced sulfur
compounds. The trophosome of siboglinid worms is suggested to be tightly
regulated, symbiont-responsive, and developmentally homeostatic. The
purported mechanism involves a cellular proliferative or apoptotic response to
bacterial signals, environmental cues, or nutrition. Though these processes are
well understood in more amenable model systems, there has been little work
uncovering the tubeworm’s genetic potential for sensing and responding to
symbiotic stimuli by canonical means, including pattern recognition receptors,
innate immune effectors, and apoptotic regulators.
In the present work, bioinformatics methods are employed to identify
homologs to known regulatory genes, within two siboglinid tubeworms, Ridgeia
piscesae, and Riftia pachyptila. Homologs found in EST libraries from each
worm are characterized and evaluated for functional relevance to symbiosis by
protein prediction, domain matching, and phylogenetic reconstruction. The major
protein families here observed are the peptidoglycan recognition proteins
(PGRPs) and the Caspases, accompanied by an overview of the worm’s
potential apoptotic suite of genes. The siboglinid set of potential PGRPs
presents similar characteristics to non-hydrothermal vent-associated symbiotic
organisms. As well, the siboglinid apoptosis network is neither enriched nor
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reduced for any core components. The caspase gene family includes two major
groups, and overall resembles the structural assortment recently seen in most
non-derived apoptosis networks, but may present properties unique among
annelids. The results of these analyses provide a suite of potential symbiosisrelated genes for future investigations.
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Chapter 1: Introduction
The physico-chemical characteristics of deep-sea hydrothermal vents are
both extreme and erratic (Fisher et al. 2007; Nees et al. 2009; Moore et al. 2009).
These spreading centers can be at depths over 2000m and have flow
temperatures over 350°C, and even diffuse flow vents vary considerably in milieu
composition over time. They also support highly productive ecosystems.
Chemoautotrophic bacteria utilize reduced inorganic compounds in the vent fluid
to drive carbon fixation. Just as nutritional symbioses are documented
throughout familiar, stable, environments, the establishment of mutualistic
relationships between these primary producers and multicellular eukaryotes has
allowed for many invertebrate taxa, especially bivalves, crustaceans, and
annelids, to dominate hydrothermal vent landscapes (Cavanaugh 1985; Dubilier
et al. 2008). Though the fundamental nature of these nutritional symbioses are
identical, hydrothermal vent chemosymbioses vary in symbiont phylotype,
composition, and host morphology, and the faunal assemblages at vent sites can
vary considerably in members and population sizes. In the Pacific Ocean,
Siboglinid Annelid tubeworms are the prominent invertebrate taxa (Childress et
al. 1987; Nees et al. 2009; Bright and Lallier 2010).
Siboglinid species from hydrothermal vents host obligate binary
relationships, each with a single species of Gammaproteobacteria. The adult
worm lacks a mouth and gut, and derives all of its nutrion from the
chemosymbiont, which resides in bacteriocytes within a specialized organ, the
trophosome (Felbeck 1981; Cavanaugh 1985; Bright and Lallier 2010)(Fig. 1).
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Figure 1 General anatomy of
siboglinid tubeworms, including
Ridgeia piscesae and Riftia
pachyptila. Body plan shows
the basis of the vascular system
and branchial exchange with
the environment. The
trophosome does not come in
contact with the external milieu.

The two predominantly studied hydrothermal vent tubeworms are Riftia
pachyptila and Ridgeia piscesae. Adult Riftia can grow over 2m in length with a
tube diameter around 5cm, which can be over 100 times the size of an adult
Ridgeia worm, but the major siboglinid anatomy does not vary. The tubeworm
has a branchial plume, functionally similar to a gill, for metabolic exchange with
the ambient water. This organ and the surrounding tissues constitute the worm’s
direct contact with the environment. The vestimentum acts as an anchor,
allowing the anterior plume to move up and down, and keeping the rest of the
worm inside a chitinous tube. Each generation, the juvenile, which still contains
a digestive system, settles on the vent substrate, and the bacterial symbiont
invades through the body wall. Upon establishing the symbiosis, the worm’s
digestive system degenerates, and it develops the trophosome, as well as the
tube (Nussbaumer et al. 2006). To the best of our knowledge, the symbiont
never again contacts the external environment during the life of the worm, and no
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new symbiont invades the worm. The anatomical placement of the bacterial
partner is the siboglinid’s major chemosymbiotic novelty. Other vent hosts
maintain symbionts within gills, a gut, or superficially, reducing the distance
required for metabolites to reach the chemoautotroph, and so decreasing the
host’s exposure to the toxic vent chemicals (Dubilier et al. 2008; Childress and
Girguis 2011). The tubeworm must pass all metabolites through its vasculature
to the trophosome, where primary production takes place, and then move
nutrients released by the indelible symbiont to the rest of the worm and export
waste back through the plume into the environment (Bright and Lallier 2010;
Childress and Girguis 2011).
This arrangement can support some of the highest recorded carbon
fixation and assimilation rates (Girguis and Childress 2006). Yet, analyses of
these and other chemoautorophic symbioses suggests there is a substantial
bacterial load which can be detrimental to the host when nutrients are limiting
(Childress and Girguis 2011). The minimum bacterial population size required
for rates of primary production suitable for host growth and maintenance may be
far less than typically occupies the trophosome lobules when hydrogen sulfide,
oxygen or other metabolites are abundant. Hydrothermal vents are believed to
be unstable and potentially short lived. Research so far suggests Riftia displays
different characteristics (metabolite uptake rate, growth rate, etc.) under varying
levels of nutrients (Girguis and Childress 2006; Robidart et al. 2011; Scott et al.
2011). Ridgeia, while likely exhibiting similar molecular changes, presents gross
morphological differences correlated with habitat chemistries. Two distinct
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morphologies emerge, a ‘short-fat’ morphotype at higher nutrient levels, closer to
the vent flow, and a ‘long-skinny’ morphotype in areas of lower nutrients, far from
the main vent or in diffuse flow areas (Southward et al. 1995). Molecular
alterations dependent on vent environment have been studied in both species.
Differences have been found in hemoglobin subunit levels, metabolic uptake
rates, and bacterial carbon fixation pathway usage, all of which may contribute to
bacterial load compensation (Girguis and Childress 2006; Carney et al. 2007;
Scott et al. 2011). Current evidence suggests they do not change the species of
gammaproteobacterial symbiont, but controlling population size remains a viable
response to limiting conditions.
Microscopic and molecular characterization of the siboglinid trophosome
shows a complex environment, where both host and symbiont cells exhibit
multiple morphologies across the small radius of the lobule (Bright and Lallier
2010). This has led to the proposition of a developmental model for the
bacteriocytes within lobules of the trophosome, highlighted by an eponymous
“cell cycle with terminal differentiation” (Bosch and Grasse 1984a/b; Bright and
Sorgo 2003) (Fig. 2). Differences in proliferation and apoptosis indexes across
the radius of individual lobules points to the use of differentiation and
programmed cell death (PCD) in the regulation of the symbiont (Pflugfelder et al.
2009). While the model explains the anatomy with functional relevance, there is
little data on the molecular machinery used in the regulation. Both the
communication between host and symbiont and the host’s developmental
response mechanisms have yet to be elucidated.
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Figure 2 Diagram of cellular
organization in the
trophosome lobules.
Represents one quadrant of
the circular crossection. The
“cell cycle with terminal
differentiation hypothesis”
purports bacteriocyte and
symbiont replication in the
central (c) region, near the
axial blood vessel, and a
gradient of differentiation
outwards through the median
(m) and peripheral (p) zones,
with a degenerative zone
beyond. This is supported by
multiple techniques that
measured proliferation and
apoptotic indexes.
Recent work has begun the investigation into the cellular communication
methods, including pattern recognition receptors (PRRs) and other signaling and
metabolic genes, used to regulate the symbiosis (Nyholm et al. 2008; Nyholm et
al. 2012). Here, I identify further potential symbiotic regulatory factors, related to
pattern recognition and programmed cell death, through EST databases and
comparative genetics. The putative protein families in the siboglinids are
compared to those in model symbiotic organisms to evaluate their potential for
involvement with trophosome symbiotic recognition and response. These
predictions lay a foundation for distinguishing the molecular pathways involved in
the regulation of the symbiosis through tissue homeostasis, to furnish the “cell
cycle with terminal differentiation” hypothesis proposed for siboglinids.
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Chapter 2: General Methods
2.1 Ridgeia/Riftia Animal Collection and Maintenance
Specimen of Ridgeia piscesae were collected from vent fields along the
Juan de Fuca ridge (Nyholm et al. 2008; Nyholm et al. 2012). The DSV Alvin
was employed to collect Ridgeia tubeworms from chimneys at approximately
2300m depth and place them in thermally insulated boxes for return to the
surface. Only ‘short-and-fat’ Ridgeia were used for all experiments presented.
Specimen of Riftia pachyptila were collected similarly, from vent sites in the
Guaymas Basin. Tubeworms that survived the ascent were maintained in shipboard flow-through high-pressure respirometry aquaria under in situ conditions
for 50h to 6 days (Girguis and Childress 2006). Worms were flash-frozen
immediately after depressurization.
2.2 EST Library Construction
The details of EST library construction for Ridgeia can be found in Nyholm
et al. 2008 and Nyholm et al. 2012. Breifly, RNA was extracted and pooled from
the trophosomes of 10 worms, or from the plumes of 7 of those same worms.
cDNA was generated and analyzed by either traditional Sanger sequencing of
ESTs or massively parallel pyrosequencing by the Department of Energy’s Joint
Genome Institute (Department of Energy, Walnut Creek, CA). Riftia EST
libraries were reportedly constructed similarly, using only 454 sequencing, by the
JGI (DOE). The details of all four EST libraries, individual plume and
trophosome from each of Ridgeia and Riftia can be found in Appendix I. Along
with the separate databases, for each worm a mixed library was developed by
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constructing contigs from the combination of plume and trophosome ESTs.
When tissue specificity was unnecessary or potentially incomplete, this library
was used for transcript annotation and analysis. The mixed database for Ridgeia
contained 22,383 contigs, while the mixed database for Riftia contained 24,949
contigs.
2.3 Sequence Annotation and Analysis
Initial identification of genes in the databases was done using BLASTbased methods, including BLASTx and tBLASTx (NCBI). Individual searches
and a MegaBLAST protocol identified sequences with similarity, either at the
gene or protein level, to known genes and reference sequences, typically from
the NCBI nr/nt or Reference RNA databases, using an eValue threshold of 10 -5.
Significance of BLAST values was assured by running the programs in reverse
direction, switching the queries and database sets. As well, the Blast2GO (B2G)
software, in conjunction with InterProScan, was used to identify homologs by
domain identification in putative open reading frames (Conesa et al. 2005).
Generally, a suite of similarity searching programs was employed to predict
domain architecture including InterProScan, ScanProsite (Expasy), and SMART
(Hunter et al. 2011; Artimo et al. 2012; Schultz et al. 1998). Further methods
were used to identify additional protein features on a family specific basis, and
will be described later.
2.4 Phylogenetic Reconstruction
Phylogenetic reconstructions followed a general protocol. First multiple
sequence alignments were constructed using the MUSCLE algorithm within the
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Sea View interface, from predicted protein sequences (Edgar 2004; Gouy et al.
2010). Alignments were cropped to relevant, highly-conserved regions.
Phylogenetic trees were constructed using the PhyML program, a maximum
likelihood approach, and 100 bootstrap replicates. For each gene family
analyzed, a background tree of primarily published sequences, excluding
tubeworm or annelid homologs as appropriate, was constructed to confirm the
methodology based on prior published tree features.
2.5 End-Point PCR
2.5.1 RNA extraction and cDNA synthesis
Samples of short-fat Ridgeia were collected from the Juan de Fuca vent
systems, brought to the surface, flash frozen, and kept at -80°C until RNA
extraction. RNA was extracted using the following procedure. Flash-frozen
worms were cut into <1cm transverse sections on a dry-ice-cooled dissecting
tray. Sections including plume, vestimentum, and trophosome tissues, were
immediately placed into pre-chilled RNA-later® ICE Solution (Ambion Inc.) for
overnight incubation at -20°C. Stable samples were dissected further under a
microscope, to isolate tissues of interest, including plume (branchial lamellae),
vestimentum and trophosome (lobules). 20-80mg of tissue were used to extract
total RNA according to manufacturer’s guidelines (SV Total RNA Isolation
System, Promega). Extracted RNA was quantified on a microscale UV
spectrophotometer (Nanodrop, Inc.) and the quality was checked using gel
electrophoresis. cDNA synthesis was performed using the iScript Select cDNA
Synthesis Kit (Bio-Rad) according the manufacturer’s guidelines. Each 20µl
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reaction included 1µg RNA, 4µl 5x iScript reaction mix, 2µl random primer, and
nuclease-free water. After compiling components, the mixture was incubated for
5 min on ice, and 30 min at 42°C, finally inactivating by heating 5 min at 85°C.
cDNA was stored at -20°C.
2.5.3 Polymerase Chain Reaction and Analysis
Primers for amplifying target genes were designed using OligoExplorer
(Gene Link) and Primer3 (Appendix II)(Rozen and Skaletsky 2000). PCR was
performed on an iCycler(Bio-Rad) using GoTaq Green Master Mix (Promega).
Each 25µl PCR reaction consisted of 12.5µl GoTaq GMM 2x, .5µl each of
forward and reverse primers (10 µM), and 1µl template cDNA. Thermal profiles
for reactions consisted of an initial 3 min at 95°C, 35 cycles of 95°C for 30 sec,
58°C for 30 sec, and 72°C for 30 sec, and a final period of 5 min at 72°C before
holding or storing at 4°C. PCR products were visualized using 1% agarose gel
electrophoresis, 30 min at 100V, employing SYBR Safe DNA gel stain
(Invitrogen) and compared to a 100bp low-scale DNA ladder (Fisher) to confirm
proper product size. To evaluate gene expression, target genes were compared
to housekeeping control genes and a trophosome specific carbonic anhydrase,
CAtr (Nyholm et al. 2012).

Chapter 3. Siboglinid Putative Pattern Recognition Receptors
3.1 Review of Literature
Microbe-associated molecular patterns (MAMPs) include common
bacteria-produced molecules such as lipopolysacharride (LPS), the major
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constituent of the outer cell membrane of gram-negative bacteria, and
peptidoglycan (PGN), a component of bacterial cell walls (Royet et al. 2011).
Host organisms use PRRs as indicators to initiate responses to symbiont
MAMPs. PRRs can be attached to membranes or released into the extracellular
space or cytoplasm. The peptidoglycan recognition protein (PGRP) family
includes members destined for each locale. Prevalent in a broad range of
animals, studies have pointed to use of these proteins for innate immunity, such
as in the Drosophila melanogaster IMD and Toll pathways, as well as in
symbiosis regulation, exemplified by the Hawaiian Bobtail Squid, Euprymna
scolopes (Nyholm and Graf 2012; Royet et al. 2011). The array of squid PGRPs
includes members with and without transmembrane domains, and also with and
without amidase activity, referring to the ability to break down peptidoglycan
(Royet et al. 2011). Of note, EsPGRP1, an intracellular PRR is lost from
apoptotic nuclei upon symbiont colonization, specifically triggered by
peptidoglycan monomers (Troll et al. 2009a). Other EsPGRPs have also been
identified as important to symbiont response and regulation (Troll et al. 2009b).
The PGRP family domain is around 165 amino acids in length, and
specific sequence elements can be used to predict amidase activity (Mellroth et
al. 2003). A set of five putative PGRPs identified in Ridgeia piscesae early in
these analyses were reported in Nyholm et al. 2012, in which their expression
levels were compared using quantitative PCR between the plume and
trophosome of worms maintained under optimal conditions (Nyholm et al. 2012).
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The procedure described here includes the identification and characterization of
those sequences.
3.2 Methodology
The general BLAST-based methods were used to identify putative PGRPs
in Ridgeia and Riftia. To supplement identification of PGRP features and
function, SignalP (CBS) was also used, along with WoLFPSORT, which uses
amino acid sequence sorting motifs and correlations to predict subcellular
localization (Emanuelsson et al. 2007; Horton et al. 2007) To predict potential for
amidase activity, the sequences were compared by multiple sequence alignment
(MUSCLE) to the amino acid sequences of T7 lysozyme and several amidase
positive and negative sequences to determine whether they contain a 5-residue
signature established by Mellroth et al. 2003, which distinguishes amidase
positive PGRPs (Mellroth et al. 2003).
Phylogenetic reconstruction and Ridgeia PCR analysis were carried out as
described previously. Sequences for phylogenetic reconstruction were found in
the NCBI database, or in published EST databases or genomes.
3.3 Results
The Ridgeia trophosome database harbored two sequences with
significant BLAST values (less than 10-5) for comparison to the reference set of
PGRPs in NCBI databases. Several were also found in the plume database, and
subsequently the mixed database sequences were used for better representation
of the gene clusters or isogroups. BLAST hits revealed six potential PGRP
homologs in the Ridgeia mixed database. Due to inconsistent contig
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construction and poor pair-wise sequence alignments across databases, five
unique transcripts were chosen for preliminary characterization studies, and
presented in Nyholm et al. 2012. Here, all potential PGRPs in Ridgeia have
been resolved and characterized.
Figure 3 shows the major characteristics of all putative PGRPs found in
Ridgeia and Riftia, including predicted domain architectures, long or short form,
BLASTp eValues, and WoLFPSORT subcellular localization predictions. Eight
unique predicted PGRPs were found in Ridgeia, six of which included sufficient
reading frame for functional predictions. All sequences showed significant
eValues when compared to known PGRPs in the NCBI nr/nt database. Four
sequences had predicted hydrophobic domains, one is likely a signal peptide,
one is a transmembrane domain, and two could potentially be either. Two of the
sequences with hydrophobic domains are also predicted to be amidase positive.
The three sequences with predicted signal peptides are suggested to be
secreted, while the rest are likely cytoplasmic or nuclear. Of note, two Ridgeia
sequences are predicted to not bind PGN. In Riftia, seven unique putative
PGRPs were discovered, all of which were sufficient for functional predictions.
Again, four predicted peptides had hydrophobic domains, two of which could be
transmembrane domains, and three of which could be signal peptides,
overlapping over one. The three proteins with signal peptides, which are
predicted secreted, were the only ones predicted amidase positive. One
sequence is predicted to lack PGN binding capability.
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All predicted amidase positive PGRPs were also predicted secreted.
Neither set of putative PGRPs included a predicted intracellular amidase positive
peptide. For all fully predictable sequences, all confidently predicted as short
form have amidase activity, while all confidently predicted to be long form lack
amidase activity.

Figure 3 Characteristics of putative PGRPs in Ridgeia and Riftia. Sequence ID
numbers are as found in the EST databases. Dotted lines in the architecture
outline indicate incomplete reading frames. F: Form, S: short form, L: long form.
E-Values represent the top BLASTp hits in the NCBI database, with
corresponding organism. WolfPSORT abbreviations are as follows; cyto:
cytoplasmic, nucl: nuclear, PM: plasma membrane, extr: extracellular. Five of
the Ridgeia PGRPs were reported in Nyholm et al. 2012; Rpi15866: RpiPGRP1,
Rpi10594: RpiPGRP2, Rpi09538: RpiPGRP3, Rpi15614: RpiPGRP4, Rpi05889:
RpiPGRP5(Nyholm et al. 2012).
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Figure 4 shows the results of phylogenetic reconstruction of the twelve
putative siboglinid PGRPs with full PGRP domains, with a set of model organism
PGRPs, and additional invertebrate sequences found in the NCBI databases, or
pulled from a genome and published EST database. The overall structure of the
tree was not altered between the constructions with and without the siboglinid
sequences. This includes the containment of the majority of vertebrate
sequences to a minority of the branches, the distinct groupings of four Euprymna
sequences and of four Crassostrea (Oyster) sequences, and Drosophila
sequences grouping separately from all other non-siboglinid invertebrates.
Several pairings of Ridgeia and Riftia sequences arise, as was expected by
similarity in domain architectures. Siboglinid PGRPs are separated into three
distinct groups. These include a group of multiple sequences close to the
Euprymna main branch, single sequences within a cluster predominated by
singlets, and several long branches grouping with Drosophila long branches.
The PGRPs within each worm do not group based on predicted amidase activity
or PGN binding.
Under in situ conditions in Ridgeia, only half of the putative PGRPs are
significantly expressed in plume, vestimentum, or trophosome tissue, as
determined by end-point PCR. Only two genes were found to be significantly
tissue specific, with Rpi10594 expression focused in the trophosome, and
Rpi21159 expression constrained to the vestimentum (Appendix III).
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Figure 4 Phylogenetic reconstruction of the PGRP family. A multiple sequence
alignment of the PGRP domain was created using the MUSCLE algorithm, and
PhyML was used to construct a maximum likelihood tree, with 100 bootstrap
replicates. Organism abbreviations are as follows; Rpi: Ridgeia piscesae
(purple), Rpa: Riftia pachyptila (orange), Esc: Euprymna scolopes, Cgi:
Crassostrea gigas, Lru: Lumbricus rubellus, Air: Argopecten irradians, Bgl:
Biomphalaria glabrata, Cte: Capitella teleta, Xtr: Xenopus tropicalis, Dme:
Drosophila melanogaster, Hsa: Homo sapiens, Dre: Danio rerio. Ridgeia, Riftia,
and Lumbricus sequence ID numbers are as assigned in their respective EST
databases. The EsPGRP5 sequence is taken from Collins et al. 2012 (personal
communication). The remaining sequences can be found in NCBI under the
following accession numbers: going clockwise from CgiPGRP-L; BAH66799,
AAY27975, AAY27976, AAY27973, AAY27974, AAR92030, BAG31899,
BAG31898, BAG31987, BAG31896, ABO40829, ABO40830, ELU06479,
ELU10401, NP_001015775, NP_996026, NP_001027111, NP_648299,
NP_729468, CAD89193, NP_005082, CAD89163, CAD89174, NP_573078,
NP_572727, NP_001038631, NP_443122, NP_001106487, NP_001038687,
NP_065126, NP_443123, NP_001037786, NP_731575, CAD89150, CAD89138.
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Chapter 4: Apoptosis Pathway Indentification/Comparison
4.1 Review of Literature
4.1.1 Apoptosis in Siboglinid Tubeworms
Eukaryotic hosts in several well studied mutualistic symbioses coordinate
tissue development based on interactions with a symbiont. For example,
Euprymna scolopes supports a relationship whereby specialized cell structures,
appendages of the light organ, undergo PCD once the bacterial symbiont, Vibrio
fischeri successfully colonizes the host (Foster and McFall-Ngai 1998). The
siboglinid relationship differs from the squid-Vibrio symbiosis by being obligate,
nutrition based, and continuous. Recently, a shallow-water lucinid with a sulfuroxidizing gammaproteobacterial symbiont in its gill was shown to alter tissue
structure and lose/gain symbiont to compensate for changes in nutrient levels
(Elisabeth et al. 2012). It was suggested that apoptosis is a primary tool in
lucinid gill tissue reorganization and symbiont eradication. In siboglinids,
populations of bacteriocytes comprising trophosome lobules are perpetually
turned over. The “cell cycle with terminal differentiation” hypothesis describes
the current perspective on tissue regulation within the lobules (Bosch and Grasse
1984a/b; Bright and Sorgo 2003). The concept was refined by use of
proliferation and cell death assays (Pflugfelder et al. 2009). The trophosome can
be composed of hundreds of lobules, each individually composed of layer upon
layer of bacteriocytes interspersed with capillaries bringing blood from the plume
via afferent trophosomal blood vessels. At the center of each lobule, a
population of non-bacteriocyte cells surrounds an axial blood vessel, from which
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the blood will return to the tubeworms major vasculature. Early observations of
the lobules showed gradients of both host and symbiont cell morphology. The
less pronounced host cell differences included an increased appearance of
mitotic cells near the center, and larger, potentially degrading, cells near the
periphery. Similarly, the symbiont shows higher levels of division closer to the
center, and degradation near the periphery, but it also changes from having a
rod-shaped appearance centrally, to a more coccoid shape, which increases in
size with radial distance from the axial blood vessel (Bright and Sorgo 2003;
Bright and Lallier 2010). Although no clear zones have been established as the
cell types exhibit a gradient, lobules are typically discussed as containing three to
four zones, namely a central, median, peripheral, and degrading, respectively
from the center of the lobule outwards (Fig. 2). Pflugfelder and colleagues, 2009,
discerned gradients of cell proliferation and cell death along this axis using
molecular methods, which agree with the proposed model (Pflugfelder et al.
2009). This model proposes that the host organism can regulate the size of its
lobules by changing the levels of proliferation and apoptosis, to in turn regulate
the symbiont population size. The apoptotic index was analyzed using terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, which
identifies degraded DNA, and immunohistochemistry, targeting a mitochondrial
apoptosis inducing factor (AIF) which is released upon mitochondrial outer
membrane disruption, both of which were found to increase in the peripheral to
degenerative sections of lobules (Pflugfelder et al. 2009). While certainly
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indicative of cell death, these methodologies do not posit a regulatory
mechanism or a relationship to the symbiotic interaction.
4.1.2) Apoptosis Across Model Systems
There are several known mechanisms by which bacteria, typically
pathogenic, induce apoptosis in eukaryotic hosts. It may be mediated through
PRRs, such as how Mycobacterium tuberculosis induces macrophage apoptosis
through TLR-2 (Lopez et al. 2003). More commonly, bacteria release toxins to
disrupt critical cell structures, or disperse factors that mimic host cell molecules,
triggering a cells preprogrammed apoptotic response. Though, it is also possible
for apoptosis to be initiated by down-regulation of pro-survival factors, such as
components of the NF-κB pathway. The specific receptors and signaling
cascades used to induce host cell apoptosis can vary considerably (Gao and Abu
Kwaik 2000).
Several organisms have had their apoptosis pathways uncovered by
searching EST or genome sequence databases (Robertson et al. 2006; Zhang et
al. 2010; Zhang et al. 2011). Beyond initial sequence comparisons, gene
families are analyzed and a proportional weight is associated with each potential
interacting group based on relatedness to the groups in highly studied model
systems. Apoptosis is the major form of PCD, distinguished from necrosis and
autophagy. The cellular process results in canonical morphological features,
including chromatin condensation, and membrane blebbing, which provided early
evidence for a canonical apoptotic mechanism in siboglinids (Bright and Sorgo
2003). Apoptosis can be broadly categorized into two major paths, intrinsic and
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extrinsic. The distinction is most evident in vertebrates, and specifically
mammals (Fig. 5). The extrinsic pathway is initiated through plasma membranebound death receptors by extracellular death ligands, which causes the formation
of a death inducing signaling complex (DISC) below the membrane, eventually
leading to the activation of the cysteine-aspartyl protease (Caspase) family of
proteins, which in turn results in the cleavage of many proteins and no-return

Figure 5 Comparison of the core apoptotic pathways in mammals, C. elegans, and
Drosophila melanogaster. The intrinsic and extrinsic pathways are distinguished,
and major apoptosis gene families are colored to demonstrate the use of highly
conserved genes between divergent lineages.
biochemical alterations that make up apoptotic cell death. In mammals, the
extrinsic pathway is the typical route for developmentally cued PCD. The
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intrinsic apoptosis pathway is oriented towards stress response and DNA
damage (p53). The major stress responders are the Bcl-2 family proteins,
including both pro- and anti-apoptotic members, which interact with the
mitochondria, and may trigger mitochondrial outer membrane permeabilization
(MOMP), which results in the release of pro-apoptotic factors including
components of the apoptosome, which, through multiple routes, including
activation of downstream caspases, initiates irreversible cell death. An additional
peptide family, the inhibitors of apoptosis (IAPs), intercede at multiple points in
both pathways.
In Drosophila, another highly studied model system for apoptosis, the
IAPs have a much greater role as the major signaling route for developmental
cues (Kornbluth and White 2005; Xu et al. 2009). Fruit fly apoptosis also
includes distinct intrinsic and extrinsic pathways, with origins in the Bcl-2 family
and mitochondria, or outer membrane-bound death receptors, respectively, each
with far fewer components than the mammalian versions. Still, these pathways
converge on the caspases, which upon activation, initiate cell death. C. elegans,
where apoptosis was first studied, has a far simpler signaling cascade. Only four
genes make up the major signaling cascade. The path is most similar to the
intrinsic paths of other organisms, including a mitochondrial Bcl-2 protein, which
binds CED-4, a distant homolog of the apoptosome component Apaf-1.
Developmental cues cause EGL-1 to bind the Bcl-2 homolog, CED-9, causing
the release of CED-4 into the cytoplasm, which proceeds to activate the sole
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nematode apoptotic caspase, CED-3, leading to cell death (Sendoel and
Hengartner 2010).
Analyses of unresolved apoptotic systems using genomes or EST
databases and sequence comparison methods has highlighted the importance of
several well-conserved gene families regulating apoptosis, including caspase,
IAP, and Bcl-2, along with several highly conserved ‘adaptor’ domains integral to
activation with developmental cues: the Death domain, Death-Effector Domain
(DED), and CAspase-Recruitment Domain (CARD) (Reed et al. 2004). There is
little work so far on apoptosis within annelids. It is unknown whether individual
apoptosis gene families are structured in tubeworms as they are in the better
understood systems, e.g. mammals, Drosophila, and nematodes.
4.2 Methodology
Initial BLAST searches and domain prediction programs revealed a
scarcity of apoptosis genes in the Ridgeia trophosome database. Subsequent
PCR based on apoptosis genes found in the plume indicated trophosomal
expression of apoptotic transcripts absent from the database in tissue from
worms maintained under in situ, optimal, and limiting conditions. Since this
pointed to the Trophosome database being incomplete, possibly due to the
sequencing methodology, the Mixed Ridgeia database was primarily used to
identify potential apoptosis genes in Ridgeia. The general BLAST-based
methods were used to find homologs to core genes of the apoptotic network in
other systems (i.e. Caspases, IAPs, Bcl-2s, Death ligands/receptors, etc.). The
quantity of sequences with each major apoptosis domain was compared between
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organisms to see if any families might be highly expanded or condensed.
Domain based searching confirmed the BLAST results, and was also able to find
sequences that might have apoptotic function but lost significant similarity to
currently annotated homologs.
Homologs to human genes were also found in Ridgeia using Kyoto
Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server
(KAAS), and the KEGG PATHWAY visual interface (Kanehisa et al. 2012; Moriya
et al. 2007). The raw ESTs were input under the single-directional best hit (SBH)
method, and the consensus sequences under the bi-directional best hit (BBH)
method. The KEGG database searched included the default eukaryote set of
organisms, plus several organisms more closely related to the annelid lineage.
There are no annelid sequences in the KEGG genes database, and few
organisms are covered from invertebrate phylogenies. The default Bit score of
60 was used as a threshold for hit significance. Once all potential apoptosis
gene sequences were assembled, they were compared to each well-studied core
apoptosis pathway to ascertain whether Ridgeia had the machinery necessary
for each variant pathway in terms of organism and intrinsic/extrinsic.
While the primary focus was on Ridgeia, Riftia EST databases were
similarly annotated in parallel using BLAST-based methods and putative peptide
domain characterization. Unique Riftia sequences with each of the major
apoptosis-related domains were enumerated. No Riftia sequences were subject
to PCR.
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4.3 Results
The Ridgeia Mixed database includes over 30 unique isotigs predicted to
be involved in apoptosis, with tBLASTx e-Values less than 10-5 when compared
to known apoptotic gene transcripts. Specific to the extrinsic pathway, one
sequence was obtained for each of the TNF domain, and the TNF-receptor
(TNFR) domain, but did not have BLAST values below the threshold. No other
Death Ligand or Death Receptor homologs were predicted from the databases.
There were several components of the DISC predicted. An approach based on
domains associated with DISC components identified 2 sequences with DEDs,
13 with Death domains, and 9 with CARDs. Table 1 surveys the numbers of
apoptosis related genes, identified by domains, across several phyla, including
the well-studied models for apoptosis. The Bcl-2 family of genes represents the
core of intrinsic apoptosis in vertebrates. Three putative Bcl-2 genes were
identified with tBLASTx e-Values from 1x10-7 to 6x10-32, which is comparable to
most protostome lineages studied. One transcript with a Smac/DIABLO domain
was identified, which typically plays a role in intrinsic apoptosis. Of the two core
apoptotic gene families involved in both pathways, 4 transcripts contained
Baculovirus IAP-repeat (BIR) domains, characteristic of IAPs, with e-Values from
2x10-6 to 2x10-72, along with 10 caspase sequences with e-Values ranging from
3x10-6 to 3x10-83. Two potential caspases include CARD domains, and as such
are likely to be initiator caspases. Two caspases were predicted inactive by
SMART. Whether inactive caspase domains have a function is not yet fully
understood. Of the 13 human caspases, 1 has a prevalent inactive allele, and
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the caspase-8 related C-FLIP has an inactive caspase domain. Table 1 also
presents the number of sequences found for each of the domains in the Riftia
database. The levels are comparable to those of Ridgeia. Neither species
showed greater prevalence of unique genes in the trophosome database
compared to the plume database for any of the apoptosis gene families
assessed.

Arthropod
(Dm)C

Echinoderm
(Sp)A

Vertebrate
(Hs)C

Domain
Caspase
10
7
5
16
BIR
4
7
4
22
BCl-2
3
3
7
2
Death
13
14
6
20
DED
2
1
5
7
CARD
9
6
8
20
A – Obtained from Robertson et al. 2006
B – Obtained from Zhang et al. 2011
C – Obtained from Koonin and Aravid 2002

Nematode
(Ce)C

Mollusca
(Cg)B

Cnidaria
(Nv)A

Siboglinidae
(Riftia)

Siboglinidae
(Ridgeia)

Table 1 Comparison of apoptotic domain presence across several lineages

4
1
1
6
0
2

7
4
2
9
1
1

31
7
10
47
4
5

14
8
11
30
7
20

Among the apoptotic components not found in Ridgeia, an Apaf-1
homolog stands out, as it is a core component to most apoptosis systems
described so far. There was also no p53 homolog identified. The KEGG analysis
annotated several caspases, IAPs, Bcl-2 family members, DISC components,
pro-survival NF-κB pathway members, and, of note, an AIF, potentially the same
factor assayed as an apoptosis indicator protein in Riftia lobules (Pflugfelder et
al. 2009) and part of the intrinsic apoptosis pathway, though the extent of its
involvement in the mammalian system is poorly understood. KAAS did not
identify any homologs to death ligands or receptors, which is not unusual, given
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the scarcity of invertebrate sequences for these components, and the KEGG
database’s bias towards vertebrates. Figure 6 shows the KEGG and domainbased results integrated into a map of the core interactions within Mammalian
apoptosis. While the majority of annotated factors represent the core families,
one or more of the apoptosis-relevant domains from many other pathway
components show up in the protein products predicted from the ESTs.

Figure 6 Identification of candidates for the extrinsic and intrinsic mammalian
apoptosis pathways in the transcriptome database. Blue boxes represent a
significant KEGG hit for the highlighted gene, based on the default bit score
threshold of 60. Genes not in blue were highlighted gray if one or more of their
protein domains were found in the Ridgeia EST ORFs. The rest remain white.
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Chapter 5: Annelid Caspase Repertoire
5.1 Review of Literature
The caspases are distinguished by a catalytic C_14 protease domain,
which is made up of two subunits (P10 and P20), that are cleaved apart and
heterodimerize upon activation. Along with the active domain, caspases can
contain N-terminal prodomains, including Death, DED, or CARD components,
which allow them to interact with other members of the apoptotic pathway, and
are used as distinguishing features to contrast initiator caspases (the first to be
activated) from downstream effector caspases, which lack these domains (Riedl
and Shi 2004; Fan et al. 2005).
The current caspase phylogenetic tree structure distinguishes 3 major
groups. Group 1 are immune related, including cytokine activators, and are not
typically associated with apoptotic cell death. Group 2 are mainly executioner
caspases, including Mammalian CASPs3/7/6. Group 3, initiators, designated by
their long prodomains, which are cropped from alignments prior to reconstruction,
include Mammalian CASPs8/10/9 and 2 (Earnshaw et al. 1999; Nicholson 1999).
The group number assignment is based off of the branches of the vertebrate
caspase tree, and so the initiators and executioners do not necessarily hold to
their groups in other systems. Hydra, Drosophila, and Mytilus sequences without
prodomains, indicating executioner function, fall outside Group 2.
5.2 Methodology
Caspase sequences were collected from the Ridgeia and Riftia databases
as outlined above. Published databases, including ESTs and a genome, for
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other annelids were searched with BLAST-based methods for Caspase
sequences to add to the collection. Additional annelid databases included
Capitella teleta (Genome: JGI), Helobdella robusta (Genome: JGI), Alvinella
pompejana (ESTs)(Gagniere et al. 2010), and the NCBI nr database.
Sequences without full ORFs were removed. The multiple sequence alignment
was cropped to contain only P20 and P10 subunit domain regions, using CED-3
as a template. Subsequent phylogenetic reconstruction was performed as
described in general methods. End-point PCR of Ridgeia putative caspases was
also carried out as described above.
5.3 Results
Of the 9 predicted Ridgeia caspase sequences, 6 included full open
reading frames. Of the 7 putative caspases predicted in Riftia, 4 included the full
open reading frame. For phylogentic reconstruction, these sequences were
compiled with putative caspase sequences from three other annelids and several
well studied reference sequences. These included 5 from Helobdella robusta
(EST, JGI), 1 from Tubifex tubifex (NCBI), and 19 from Capitella teleta (genome,
JGI). No sequences found in the Alvinella pompejana transcriptome included the
full open reading frame. As expected, the multiple sequence alignment showed
the greatest conservation in the P20 and P10 subunit ranges. The distinct
vertebrate groups, 1, 2, and 3, were confidently resolved in the control tree
without annelid sequences, and the experimental all-inclusive tree. The final tree
is presented in figure 7.
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Figure 7 Phylogenetic reconstruction of the Caspase gene family. A multiple sequence
alignment was created using the MUSCLE algorithm, and PhyML was used to construct a
maximum likelihood tree. 100 Bootstrap samples were run and values are shown below
corresponding nodes (values below 50 are not shown). Branches are displayed proportionally.
Domain architectures for each sequence are indicated diagrammatically between the branch tips
and sequence names. Darkened domains are predicted to be inactive by SMART: Rpi17147,
Rpi05173, and Rpa21941. Unnamed annelid sequences were distinguished using identification
numbers from their source databases. The three major caspase groups were identified using the
mammalian proteins. The 8 Capitella sequences represented as a single collapsed branch do not
share one domain architecture. Annelid proteins are colored blue. Accession numbers of the
non-annelid sequences are as follows, from the top down: AAG42045, NP_571580, P29466,
P29452, P70343, P51878, P49662, O89094, AEB54804, AAC33117, CAB53565, ADZ24778,
ACY95434, ACY95433, ADZ24779, AAF98011, AAF78902, NP_523703, ADZ24780, ADZ24781,
ADZ24783, NP_001007405, P55211, NP_056548, ACY95435, ACZ98165, NP_001036160,
P42575, P29594, Q92851, NP_001077331, NP_571585, Q14790, O89110, ADZ24782,
ACY95436, AAX18880, AAF98012, NP_001018443, P55210, P97864, NP_571952, P42574,
P70677, AEB54802, NP_001018333, P55212, O08738, AAD65071, NP_476974, CAA72937.
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Ridgeia sequences fall close to Group 1 and within Group 2. As expected,
Riftia sequences are in most cases immediately adjacent to Ridgeia orthologs.
Other annelid sequences also fall more closely to these clusters than to
vertebrate homologs. This suggests that any major divergences of annelid
caspases happened outside or early in the annelid lineage. Most Ridgeia and
Riftia sequences are placed with a Helobdella sequence and closer to the
vertebrate homologs than to their paralogs in the other groups. Siboglinids do
not display the major 3 groups seen in vertebrates, but show a clear separation
between sequences with N-terminal death adaptor domains and those without.
The predicted inactive caspases in Ridgeia and Riftia do not group together. No
other inactive caspases were found in other annelid databases.
Whole-tissue end-point analysis of gene expression suggests that not all
caspases are expressed at substantial levels in the plume, vestimentum, or
trophosome under in situ conditions (Appendix III). The caspase genes
expressed include two predicted initiator caspases with CARD domains,
Rpi04414 and Rpi05019, one predicted executioner caspase, Rpi02270, and one
predicted inactive peptide Rpi17147. None were found to be tissue specific.

Chapter 6: Discussion
A set of 8 and 7 unique PGRPs are identified in Ridgeia and Riftia
respectively. The variety of combinations of PGRP domains with different
binding specificities and signal peptide or transmembrane domains is the same in
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both worms. Neither worm has a sequence with a confidently predicted domain
architecture that is not found in the other.
This set of siboglinid PGRPs could potentially include sequences for each
major cellular localization (secreted, cytoplasmic, nuclear, plasma membrane)
where they are found in other model systems. Certainly, the variety seen in
these sets is more than what is seen in vertebrates, which was expected, since
vertebrates are believed to have reduced innate immune capacity, compensated
for by adaptive immunity. The siboglinid set is similar to its lophotrochozoan
relative, Euprymna scolopes, but is potentially more complex, having a greater
variety of architectures. Considering the mix of short and long forms predicted,
the siboglinid PGRP complexity may be between Euprymna’s and Drosophila’s,
the latter of which has 19 distinct PGRP peptide architectures. The phylogenetic
reconstruction agrees with this. Several siboglinid sequences fall into a group of
long branches with Drosophila sequences.
Whether the diversity in siboglinid sequences comes from symbiosisrelated evolution cannot be determined. Though, considering the seperate
Lumbricus grouping, the majority of expansion of the PGRP family in siboglinids
appears specific to this group and no other annelids. A more comprehensive set
of annelid PGRPs should be analyzed.
One Ridgeia sequence, ID 10594, which appears on a branch separate
from the rest of the Ridgeia PGRPs, and close to a Euprymna and Lumbricus
sequence which are similarly separate from their main radiations, is RpiPGRP2,
published in Nyholm et al. 2012. In that study, this PGRP showed the highest
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level of trophosome expression compared to plume tissue under optimal
conditions. As an amidase positive PGRP with a signal peptide domain, these
reports, along with it being the only PGRP found here to be trophosome specific
under in situ conditions, make it the most likely candidate for a primary PRR in
the trophosome. The methods used are unable to distinguish whether a signal
peptide would lead to extracellular secretion, or intracellular vesicular secretion,
such as into the symbiosomes where bacteria are contained within bacteriocytes.
The Euprymna sequence it groups close to in the phylogenetic reconstruction,
EsPGRP5, is an amidase positive peptide, highly expressed in squid hemocytes
(Collins et al. 2012).
Overall, the predicted sets of siboglinid PGRPs are likely capable of a
range of recognition and response functions, potentially greater than the set in
Euprymna, but they have not seen architectural expansion equivalent to the
Drosophila suite.
Trends in PGRP function based on domain architectures found in other
model systems allow for predictions of the role PGRPs play in the trophosome in
siboglinids. In Euprymna, Drosophila, and the tsetse fly, short, amidase positive,
secreted PGRPs are employed to break down extracellular free PGN to reduce
immune response to symbionts (Royet et al. 2011). Ridgeia and Riftia have 2
and 3 sequences, respectively, predicted to have the same characteristics as
these anti-inflammatory peptides. This group includes Rpi10594. Membrane
bound PGRPs are used to activate cellular innate immune responses upon
binding extracellular PGN. Examples include Euprymna PGRPs 3 and 4, which
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initiate Nf-κB signaling, and PGRP-LC in Drosophila and Anopheles which
stimulate the IMD pathway and AMP production (Royet et al. 2011). Both worms
harbor a sequence with predicted domain architecture similar to amidase
negative fruit fly and mosquito receptors. Each worm also has a predicted
amidase negative cytoplasmic PGRP. DmPGRP-LE, which has these
characteristics, is a PRR for cytoplasmic bacteria. The activation of DmPGRPLE promotes autophagy (Yano et al. 2008). Figure 8 is a predicted model of the
context for the tubeworm PGRPs as suggested by the functions of architectural
matches in the other model systems. Siboglinids might use PGRPs to both
activate and repress immune responses to bacterial MAMPs within bacteriocytes
or extracellularly within the trophosome (Fig. 8).
The major apoptosis-related gene families which appear subject to
expansion in other model systems, including caspases, IAPs, and Bcl-2 domain
containing proteins, all appear in siboglinids. The quantity of unique sequences
for each of them appears average compared to the lineages observed (Table 1).
There are no obvious epxansions or reductions, as seen in echinoderms or
nematodes respectively. This points to the siboglinid apoptosis network not
being derived like that of C. elegans or Drosophila.
The breadth of apoptotic genes and the KEGG-based analysis point
towards the existence of both intrinsic and extrinsic pathways in Ridgeia.
Comparative searches for potential death ligands and receptors suffer from a
scarcity of these sequences in invertebrates. The absence of these and other
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specific components, such as an Apaf-1/CED-4 homolog, can only be certified
with more comprehensive sequencing and comparison to other annelids.

Figure 8 Model of innate immune PGRP activity and apoptosis in trophosome
bacteriocytes. Function predictions are based on homologs with similar domain
architecture from well-studied model organisms. It is unknown whether the
symbiotic signals are intracellular, extracellular, or both. In this model, PGRPs
may be used to promote and inhibit an innate immune response, and caspases
may be used to promote and inhibit apoptosis. Programmed cell death is
expected to occur downstream of immune perception in the trophosome. N:
Nucleus, B: Bacteria, M: Mitochondria.
There is no clear indication of a connection between symbiont response
and apoptosis for tissue regulation in the gene repertoire found. It does offer a
series of gene targets to further explore the regulation with molecular methods,
and confirms the existence of an AIF homolog in siboglinids.
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The caspase phylogenetic reconstruction suggests two major groups for
siboglinids. These are sequences with prodomains, in this case specifically
CARD domains, and sequences without prodomains, which fall into Group 2.
Notably, no siboglinid caspases fall into Group 3, though other annelid
sequences do. In the initial studies of Mytilus caspases, performed by Romero
and Colleagues, 2011, group distinctions were made based on domain
architecture prior to phylogenetic reconstruction (Romero et al. 2011). The data
here, where all groups were analyzed together, suggests that Mytilus sequences
do not fall neatly into the vertebrate initiator and executioner groups. There is no
indication that a major divergence into two or three groups was present in the
most recent ancestor between mollusks and vertebrates. Further complicating
the issue, here, Mytilus sequences group separate from most of the annelid
sequences. This difference is surprising given molluscs are more closely related
to annelids than either is to vertebrates. The value of reconstructions including
distant orthologs, such as those from separate phyla, is not implicit, and there are
few studies on the functional relevance of lineage specific expansion or loss. A
more thorough phylum-specific reconstruction should be performed, requiring
elucidation of full sequences for all the annelid caspases. For instance, the
Capitella genome has near 20 putative caspase genes, representing an
expansion somewhere along the line that might also show up in the genomes of
other annelids, but not in ESTs. Also, the EST database available for Alvinella
pompejana, the Pompeii Worm, a non-siboglinid hydrothermal vent annelid,
included several putative caspase genes, but none of them included a full ORF
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(Gagniere et al. 2010). The addition of more sequences to the tree could
improve the resolution. So far, reconstructions suggest that Ridgeia, and likely
siboglinids as a whole, do not harbor a group-specific set of caspases, which
points to a complex but not derived apoptotic system within the worm. These
groupings do not indicate any divergences due to bacterial symbiosis and trees
should be made for the Bcl-2 and IAP gene families as well before any
conclusions are applied to the connection between siboglinid apoptosis and
symbiont regulation.
The suggestion from the tree is that the predicted inactive sequences
evolved separately in Riftia and Ridgeia. Functionally inactive caspases have
been observed in several organisms, most notably Homo sapiens which harbors
at least two genes with caspase domains that lack integral functional amino
acids. C-FLIP is an older functionally inactive caspase related to hsaCASP8
(Irmler et al. 1997). CASP12 is functionally inactive in most of the world’s
populations, but functional alleles have been found (Fischer et al. 2002; Hermel
and Klapstein 2011). The deleterious mutation in CASP12 increases CASP1 and
IL-1 activity, increasing immune response to infection (Hermel and Klapstein
2011). C-FLIP interrupts the fas pathway of extrinsic apoptosis, so increased
levels of c-FLIP decrease cell sensitivity to apoptotic stimuli (Dutton et al. 2006).
Both proteins have important functions in pathogen response. Whether inactivity
of caspases in siboglinids is related to symbiotic regulation cannot yet be
determined.
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Predictions of the functions of siboglinid apoptotic proteins in symbiont
maintenance come from the highly conserved correlation between domain
architecture and signaling context across established models (Fig. 8). The
putative suite found in the EST databases is enriched for components of the
intrinsic pathway. This agrees with the prediction that symbiotic signals originate
in symbiosomes and innate immune response propagates intracellularly. The
combination of predicted active and inactive caspases allows for downstream
control of the final execution signals. The symbiotic response network predicted
in figure 8 includes multiple points of competing paralogs. It is still unclear what
signals apoptotic cells would impose upon their neighbors.

Chapter 7: Conclusion
The objective of these studies was to assess the potential in Ridgeia and
Riftia for canonical mechanisms of symbiont perception via pattern recognition
receptors and apoptosis as a symbiotic tissue control mechanism. The suite of
putative PGRPs identified is certainly sufficient for induction of immune response
to microbial factors. The complexity of the family is greater than the current set
of Euprymna PGRPs. The Hawaiian bobtail squid is a model system for studying
a binary symbiosis involving developmental regulation. The domain architectures
seen in the siboglinids include those seen in Euprymna and more. Potentially,
the tubeworm supports a PRR array more similar to Drosophila, which uses a
large variety of PGRPs for different functions throughout the organism. It is
somewhat surprising to see so many PGRPs in the tubeworm, because it is
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known for having a single bacterial symbiont species, and minimal contact with
the external environment due to containment in its tube. So far, there is one
candidate PGRP in Ridgeia which likely has a functional relevance to symbiosis,
rpiPGRP2, and several more with potential functions based on domain
architecture. It will take a more comprehensive approach to fully identify and
characterize all potential PGRPs in siboglinids. Other families of PRRs such as
the toll-like receptors have also been found in Ridgeia (Nyholm et al. 2012).
These are also potential regulators of symbiosis.
The same general conclusion follows from the apoptosis network
estimation. The system predicted is not ‘derived’, nor subjected to ‘pruning’ as C.
elegans or Drosophila, but it is also not overly complex, with numbers of
apoptosis genes around average for the model systems it was compared to. The
tubeworm has almost all of the necessary components for canonical apoptosis,
and may have all of them. All major families and domain types are represented,
though the death ligand and receptors are distant at best. There are no
indications, in the caspase phylogeny or the entire apoptotic set, of any selective
pressures due to the symbiosis. No expansions or reductions, no novel
architectures. There may be phenomena specific to siboglinids within annelida,
such as the inactive capsases, but without further investigation and more sets of
genes, nothing definitive can be said.
The predicted model, based on homologous domain architectures,
displays a symbiotic regulatory network whereby the control of PGRPs and
apoptosis proteins can regulate bacterial population based on signals from the
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symbiont. It utilizes apoptosis as the major form of cell death, as has been
suggested by prior cell and tissue-level analyses. The proposed pathway is
predominated by pro- and anti-immune interactions known to function in
symbiont regulation in established model systems, including Euprymna and
Drosophila. The predicted network does not require any innate immune or
apoptotic components with functions unique to siboglinids. While likely only a
small fraction of the symbiotic regulatory network employed by tubeworms, this
suggests that evolution of the siboglinid trophosome chemosymbiosis did not
require new functions in the components of symbiont recognition and control.
Neither the novelty of the organ, nor the extreme habitat of hydrothermal vents
imposed sufficient pressures on innate immune and apoptosis protein sequences
to prevent a familiar symbiotic pathway from being reconstructed based on
sequence data. There are, as yet, too few accounts of the proteins involved in
the many chemosymbioses present at hydrothermal vents to determine whether
either factor has an impact on any particular gene family. Protein evolution in
extremophiles is still a young field, and was not covered here. Regardless of
whether the gene families analyzed here represent the evolutionary novelty
siboglinids are known for, these studies provide a strong set of putative targets
for molecular biology studies to elucidate the pathways used in the tubeworm
symbiosis.
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Appendix I: EST database characteristics
Tables summarizing the transcriptome sequencing of the Ridgeia piscesae
trophosopme (EST) and plume (454 pyrosequencing) and the same tissues in
Riftia pachyptila (both 454 pyrosequencing)
Ridgeia piscesae
Trophosome
Number of Unique ESTs
Average EST length
Trimmed Unique ESTs
Megablast Analysis*
ESTs with no hits
ESTs with hits
non-cellular
Archaea/Baceria
Eukaryota

32,256
582
26,355

Plume
Number of Reads
Total Bases
Average Read Length

918215
363.6 Mb
396 bp

21327
5028
8
38
4971

Number of Contigs
Total Bases
Average Length
Range Contig Length
Average percent GC

20757
26.5 Mb
1279 bp
50-12251 bp
.47 (+/- .07)

Number of Consensus
Sequences
5824
Total Bases
3.9 Mb
Average Sequence Length
672 bp
Average percent GC
.46 (+/- .08)
*analysis of Trimmed Unique ESTs

Riftia pachyptila
Trophosome

Plume

Number of Reads
Total Bases
Average Read Length

568566
199.0 Mb
350 bp

Number of Reads
Total Bases
Average Read Length

1108099
313.6 Mb
283 bp

Number of Contigs
Total Bases
Average Length
Range Contig Length
Average percent GC

10243
Mb
946 bp
50-13784 bp
.46 (+/- .07)

Number of Contigs
Total Bases
Average Length
Range Contig Length
Average percent GC

19988
Mb
1159 bp
50-11430 bp
.45 (+/- .07)
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Appendix II: Primers used in PCR analysis of Ridgeia genes
Several of the PGRP primers are identical to those used in Nyholm et al. 2012 for
qPCR studies.
Gene(ID#)
β-Actin
α-Tubulin
CAtr
Caspases
Rpi04414
Rpi05019
Rpi02270
Rpi03270
Rpi04090
Rpi16857
Rpi19822
Rpi17147
Rpi05173
PGRPs
Rpi15866
Rpi10594
Rpi09538
Rpi05889
Rpi21159
Rpi15614
Rpi2740

Product Length
(bp)
193

F/R
F
R
F
R
F
R

Sequence (5’->3’)
CCA ACA CCG TTC TGT CTG G
TTG CTG ATC CAC ATC TGC TG
CTC TCC GAC GTA CCA GTG C
AGG TGG GCA TCA ACT ACC AG
CGC ACA TCG TCC ACT ACA AC
GTA GCA AGA ACG GCA AGT CC

TA°C
58
58
58
58
58
58

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

AGG GCG AGG TTT ACG ATA TG
GCT GCT TTC ATC TCT GCT TG
CAA ACC CAC CTT GCT ACT CG
ACG GGA TGA ACT TTG ACA GG
TGG GAC TGA TGT TGA TGC TG
TGA GGA TGG CAC ACA CAA AG
AAG CGA CTG ACG AGG TAA CG
AAG AGG ACC ACA GCG ACA AC
GAC ACA AGG TGG AGA ACA ACG
ATG CCT GGA CGA AGA ACA AC
ACA CAG ACG TAG ACG CAT CG
GAT CGA CGG AGA CAG CAA C
CCC GCA AGA TAC CAA CAG AG
CAC CTG ACA CAA TGC CTG C
GCC GTG CCA TCA TCA TAA G
ACT GCT TGC TTT CTG CCT TC
TTG TTG TTC CCT CCA TCA GC
CTC GTC GTC TTT GTG TCG TC

58
58
58
58
58
58
58
58
58
58
58
58
58
58
58
58
58
58

113

F
R
F
R
F
R
F
R
F
R
F
R
F
R

GGG TGA CTG TGT GGT GAA TG
AGA AAG CCG AGG AAG GAA TC
CCT CTC CTC ACT TGT CTC AC
TAT CAA CAT CAC GAC GCG CC
GCG TAG TGT AGG AGA GTT GTC
GTA TTG ACT GCG GCG GAT TC
GCG GAT GGA ACA ATG TCA GC
CGC AGT TTC TCT TGG GTC AC
ATT TGA CGG ACA TCG GCT AC
AAG GCG TCG ATC ATC TTC TG
CTC GTC CTA TTG CTC GTG G
AGG CTT ACT GCT TGG AGG
GTA GCC TTT GTC GAG AAT CC
CAT AGG CGA CTT CAC ATC TG

58
58
58
58
58
58
58
58
58
58
58
58
58
58

70

40

179
85

146
164
118
146
180
116
177
194

159
135
126
175
71
103

Appendix III: EP-PCR results
Visualizations of end-point PCR products. β-Actin and α-Tubulin were used as
positive controls. The trophosome specific carbonic anhydrase, CAtr, was used
as a positive tissue specific gene. Four caspases show positive expression, and
are not single-tissue specific. Four PGRPs show positive expression, two of
which appear to be tissue specific, as they match the control house-keeping
genes for positive expression and the ratio from one tissue to another calculated
for CAtr. All bands are appropriate sizes predicted by primer design.
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